ABSTRACT. The present study aimed to evaluate the relationship between the physical properties of the soil and relief in areas that are susceptible to landslides in the sub-basin of the Córrego do Yung, a creek in the urban district Três Moinhos of Juiz de Fora, Minas Gerais. Depth measurements of the solum were made at the soil sampling points, and the subsurface material was collected and analyzed for the two factors of particle size and type of horizon. In the laboratory, we determined the hydraulic conductivity, bulk and particle density, and total porosity, macroporosity and microporosity. The values of the physical properties throughout the sub-basin were predicted and mapped. Thematic maps were generated and showed a relation to each other: the clay was related to a higher hydraulic conductivity, higher porosity and lower soil density. In the steeper areas, the greater silt contents were mapped in the deeper layers and indicated the thin thickness of horizon B in these areas. A close relation of the curvature with the soil thickness was detected and was greater in the flat areas with less slope. The geostatistical analysis showed that the range of values for the properties of macroporosity, microporosity and silt was the lowest in the deeper layers, indicating low structural continuity in potentially erodible areas.
Introduction
Landslides have always been a cause of great concern, particularly during the rainy season in urban areas. Several landslides occurred in recent years in different regions of Brazil, such as in the great disasters of the landslides in Santa Catarina in 2008 and in the highland region of Rio de Janeiro in 2011.
To define the conditions of susceptibility to landslides, the hydrological processes associated with soil and relief, which are fundamental in environmental studies and risk management areas, must be understood.
Thus, information on the soil properties are important, as is information about the relief forms that affect the water infiltration and storage capacity in the soil, which influences the possibility of the occurrence of landslides (Petschko, Brening, Bell, Goetz, & Glade, 2014) . These combined factors of the spatial dynamics can interfere with the kinetic rain energy (Aquino, Silva, Freitas, Curi, & Avanzi, 2012 Studies on the issue of landslides classify soil depth and hydraulic conductivity as key information in slope stability analyses, though these factors are the most difficult to measure. However, other essential data can also be obtained through remote sensing, e.g., elevation model, landslide inventory and land use maps (Western, Castellanos, & Kuriakose, 2008) .
Experiments relating erosion and soil texture showed that soils with high silt amounts are more susceptible to erosion than are clayey and sandy soils under the same conditions due to greater runoff. Additionally, the slope and the presence of vegetation influence erosion intensity (Sadeghi, Moosavi, Karami, & Behnia, 2012) .
In soils classified as Cambisols, the degree of erodibility is higher due to the steepness of the terrain, the silt content and the thickness of the B horizon (Vestena, & Kobiyama, 2014) . In the area of "Mares de Morros," the C horizon tends to be very deep, and the sizes of the solum and the soil are disproportionate, indicating rejuvenation of the geomorphic process in this domain (Rezende, & Resende, 1996) . According to these authors, in the steeper portions, which usually have an exposed C horizon, the recovery of the vegetation cover on the soils is more difficult due to the lack of nutrients and seasonal drought, thus intensifying the erosive processes.
The relationships between soil properties, such as soil texture, porosity and bulk density with hydraulic conductivity (K 0 ), and soil water retention curve (SWRC) in areas that are affected by landslide processes indicate that these properties are satisfactory for understanding the interaction between the soil structure and the hydraulic behavior (Bogner et al., 2014) . One example is saturated hydraulic conductivity, which depends on water leaching due to the macroporosity, which, in turn, is related to soil texture, particle arrangement (structure) and bulk density. The free passage of water is crucial to reduce runoff (Gomes et al., 2011) .
The spatial continuity of the soil physical properties was confirmed (Kamimura, Santos, Oliveira, Dias, & Guimarães, 2013) ; i.e., spatial models represent ideal tools for data analysis by geostatistical spatial modeling (Silva, Mello, Curi, & Oliveira, 2008) . These authors further emphasize rainfall erosion, which is characterized and modeled by properties with continuous spatial behavior, including soil-related data, vegetation cover, rainfall erosivity, and topography. Soil erosion can be mapped by spatial models, provided that the studies on the spatial dependence of data and the modeling of the experimental semivariogram are consistent.
The soil slope, relief, geology, depth and resistance, land use and vegetation cover, rainfall, and mapped points of occurrence of landslides are the main GIS factors used in these studies (Klimes & Escobar, 2010; Costanzo, Rotigliano, Irigaray, Jiménez-Perávlvarez, & Chaón, 2012; Di Martire, Rosa, Pesca, Santangelo, & Calcaterra, 2012; Zizioli, Meisina, Valentino, & Montrasio, 2013) .
Thus, soil research focused on these landslide and erosion processes is of fundamental interest to professionals from various fields of knowledge related to this particular field of study. In the city of Juiz de Fora, urban sprawl has increased significantly in recent years. Every year, landslides in various parts of the city are recorded by the civil defense, especially in the rainy season. One of the regions with the highest number of occurrences is the urban district Três Moinhos.
Thus, this study defined indicators in a landslide-prone area in the metropolitan area of Juiz de Fora (district Três Moinhos) to support the authorities in charge of managing this risk area.
Material and methods

Study area
The study was conducted in the sub-basin of the Yung creek, in the urban district Três Moinhos, Juiz de Fora, in the mesoregion of Zona da Mata, Minas Gerais. The total area of the sub-basin is 35 ha, and it is in mountainous terrain with ravine slips and gullies. The altimetry variation of the area is between 0 and 900 m. According to Fonseca, Lani, Fernandes, Marques, and Ferreira (2016) , the soil of the sub-basin was classified as dystrophic Tb Haplic Inceptisol.
The district Três Moinhos is located in a development region of Linhares, in the Yung basin, in the eastern region of the city. It is characterized by residences that have no basic infrastructure and are irregularly distributed. The terrain is hilly, and many points are vulnerable to landslides. (Prefeitura de Juiz de Fora [PJF], 2004) . This is the planning region with the largest number of points of risk areas mapped by the civil defense and occurrences of landslides, which comprised 256 events that occurred at 27 locations over the past eight years; the landslides were concentrated in the Western neighborhoods of Três Moinhos and Bom Jardim, which are inserted in the Yung basin (PJF, 2004) .
The presence of deep valleys associated with hillsides with steep slopes, known as "Mares de Morros" (Ab'Saber, 1996) , exposure to high rainfall and the characteristics of mountainous tropical climate are the main factors that have led to the intense surface dynamic of the region, with soil erosion and sedimentation, flooding and landslide areas (PJF, 2004) .
Through geotechnical characterization tests and erodibility resistance, it can be concluded that in the sub-basin of the Yung creek, the areas with the greatest erosion potential are those that expose the C horizon. However, because of the rugged relief, constant erosion processes on horizon B occur by washouts, though this horizon presents greater resistance (Fonseca et al., 2016) .
Sample collection and preparation
The sampling points were first localized in the digital environment in ArcGIS 10.1, hexagonal mesh, split into distant points of 100 m in a horizontal line, resulting in 43 points across the study area ( Figure 1 ). The hexagonal mesh was used as the most representative, according to the study of Yfantis, Flatman, and Behar (1987) . The authors proved that by analyzing the same variable, this sampling grid performed better in terms of the maximum mean square error than did the triangular and square mesh. The points were inserted with their respective coordinates in the GPS navigation model "Garmin map 62 Trilha," using the TrackMaker software. The search function of GPS points (function go to) was essential for the localization of the sampling points in the field. Once a point was found, disturbed samples were collected from the surface (0 -0.10 m layer) and soil samples with an undisturbed structure using a volumetric ring (height 0.045 m, diameter 0.0405 m).
For measurements of the soil thickness and sampling the subsurface material, an auger with a length of 3 m was used. In the deeper layers, two factors were investigated: the particle size and type of horizon.
The collected soil material was packed in plastic bags, crumbled, air-dried and sieved (< 2 mm) (ADFS). The soils collected in rings (auger) were wrapped in plastic film to preserve the structure during transport and physical analysis in the laboratory. The hydraulic conductivity, bulk and particle density, total porosity, macroporosity and microporosity were determined in these samples.
Laboratory analyses
The pipette method was used for particle size analysis. A 0.1 mol L Ruiz, 2006) .
The bulk density (BD) was determined by the relationship between the dry soil mass and the internal ring volume. The particle density (PD) was determined by the volumetric flask method. Total porosity (TP) was defined as the ratio between the bulk density and particle density using the expression TP= [1-(Ds / PD)] (EMBRAPA, 1997). The hydraulic conductivity was performed using the "Mariotte bottle" method. The soil macroporosity (Macro) was computed as the difference between TP and microporosity (Micro), which is the water content retained at a matric potential of 6 kPa (EMBRAPA, 1997).
Terrain analysis
The terrain variables of the digital elevation model (DEM) were used, which is based on a planaltimetric topographic survey, with contour lines with 1-m intervals, provided by the urban administration of Juiz de Fora and developed from an aero-photogrammetric survey of 2007.
Geostatistical analysis
The adjustment of the semivariogram was the main stage modeled by geostatistics (Yamamoto & Landim, 2013) . The distances with better visual setting were tested to further quantify the fitting of the theoretical model. The exponential, Gaussian and spherical models were adjusted using the least squares method for almost all of the physical properties, except the data obtained for coarse sand at the surface, which was fitted by the maximum likelihood method.
After choosing the semivariogram models, interpolations were performed by the Simple Kriging (Ks) method to predict and map the values Kriging was adopted for tending to annihilate the mean residual error and reduce the variance of errors. For this purpose, a self-validation procedure called jack-knifing is used. According to Vieira (2000) , this procedure involves the measurement of the points observed in the field, "hiding the variable," so that it is estimated by kriging as if it were a lost point, and assessing the performance to estimate the known values. The observed residual errors are generally marginal, ensuring the reliability of the values estimated by this interpolator.
Pedotransfer function
Because the data of hydraulic conductivity (K 0 ) were not spatially adjusted, the relationship between the soil physical characteristics and K 0 was tested by multiple linear regressions with program R. When the variables are soil properties, these regressions are called pedotransfer functions.
Pedotransfer functions can be defined as regressions used to obtain estimates of soil properties from other more easily measurable characteristics (Medeiros, Cooper, Rosa, Grimaldi, & Coquet, 2014) . The data for the clay, bulk density (BD) and macroporosity (Macro) were significant in the regression results in equation (1) 
The equation showed the best values of the multiple linear regression fitting, with r² = 0.6 and p-value = 2.9 10 -8 . Therefore, K 0 was mapped in the area of the sub-basin using the equation established, performing operations between images consisting of a cell matrix (rasters).
Results
Properties of the Yung subwatershed
Where the flat curvature (perpendicular to the slope) directly influences the flow velocity and, consequently, soil erosion and sediment transport, the classes were divided into concave, flat and convex, as defined by an analysis of the relief.
The plan curvature showed that of the 35ha area of the basin, 40% is concave, 22% is flat and 34% is convex slopes. The curvature was also closely related to soil thickness. In the flat areas, the mean soil depth was higher than in the other relief forms.
The data of the solum measured in situ at the sampled points were interpolated to create the thematic map. The legend of the depth map ( Figure  2) indicates that in the mapped areas, there was no change of horizon below 3 m; thus, the surface of the C horizon is below a depth of 3 m. It was found that soil depth was directly related to slope; the lowest mean slopes were observed in areas with deeper soils (> 2 m), and this class occupies the only 4h of the 35h basin. The majority of the areas (70% of the basin) have a soil thickness of 1.5 m, and these are the areas with the highest mean slope.
Spatial distribution of soil physical properties
According to Vieira (2000) , statistics and geostatistics are complementary, and Table 1 shows the results of the studied data.
The data of the soil thickness and hydraulic conductivity were not spatially dependent with a pure nugget effect. According to Yamamoto and Landim (2013) , the nugget effect can be a result of the spatial phenomenon variability under study, such as the sampling scale, so the data of spatial distribution and independence have random characteristics. For the other analyzed properties, the models were fitted to the data, thus meeting the assumptions of geostatistical modeling, such as intrinsic stationarity, and second-order stationarity.
The results of the semivariogram parameters (Table 2) show high variance values for some properties, namely, clay, silt and coarse sand. The high values are associated with the sensitivity of the variable to the collected distances, indicating that these properties must require denser sampling for optimal fitting. However, all properties were adjusted in a variogram with a sill, indicating a correlation between the values.
The ranges of values (i.e., the extent of spatial dependence) for the properties of macroporosity, microporosity and silt in the deeper layers were the lowest, suggesting that these variables are spatially correlated at short distances. This provides evidence of the low structural continuity of the surface and thickness of the C horizon in the potentially erodible areas.
The highest range values were observed for the surface clay and soil thickness. Therefore, a point at the surface influences the clay content to a radius of up to 540 m in the surrounding and soil thickness to a depth of 289 m.
Estimates of the mean and variance of the residues of the self-validation should be close to 0 and 1, respectively (Table 3) , because according to Vieira (2000) , the mean of the residues is the sum of the residues between of the kriging values and the observed points; i.e., theoretically, these measures would be 0 and 1. The results of the self-validation were satisfactory for all interpolated properties.
The semivariogram shows a model of the spatial correlation structure until the range, from which the semivariance becomes constant, restricts the area of spatial influence. The spherical model was adjusted for soil density, coarse sand at the surface, clay, fine sand and coarse sand in the deeper layers. The fittings of the Gaussian and exponential models for the other properties were tested. The surface silt, thickness and microporosity were better fitted to the Gaussian model, and the other properties were better fitted to the exponential model (Figure 3) , as shown by Kamimura et al. (2013) .
After choosing the semivariograms, the data were interpolated by universal kriging, and the resulting grids divided into 1,000 horizontal and 1,000 vertical lines, corresponding to a pixel of 0.90 m; this operation was carried out for all properties. The images in ASC format were included in ArcGIS for conversion into GRID and layout preparation. 
Discussion
The widest ranges of clay content (500 -820 g kg -1
) were observed in the areas with flatter tops in the Eastern part of the basin, as highlighted on the map in red and orange, where the silt and sand contents were lowest (Figure 4 ). The vegetation was less degraded, and the soil structure of horizon A was granular, with a moderate degree of development, which is a structure favored by the presence of organic matter.
The highest silt values were found in the northwest of the basin, corresponding to the areas that were identified in the field as degraded and eroded, exposing C horizon. Fine sand, although the numerical contents were not high, was the property whose pronounced spatial distribution had the widest range (120 -180 g kg Microporosity was low at the observed points, except at a few points at the top, where the topography is smooth and the vegetation is only slightly degraded. It can be concluded that due to the steep slopes of this basin, the erosion process of the solum is constant, causing the degradation of the soil structure in some areas (Figure 6 ). The map that indicated higher hydraulic conductivity represented the less-degraded vegetation-covered areas in the basin. These areas are characterized by higher infiltration and lower runoff rates.
The correlations between the hydraulic conductivity and the soil properties were also investigated. Despite the low values of the correlations in Table 4 , the best-fitted physical properties were the bulk density and fine sand, which had negative correlations, and clay, total porosity and macroporosity, which had positive correlations, as reported by Sampaio, Menezes, Furtini, and Ribeiro (2006) . Table 4 . Analysis of the correlation between hydraulic conductivity and soil properties in the solum. The correlation analysis between the soil depth and texture (Table 5) showed that the bestcorrelated textures were clay, silt and coarse sand. The shallower the depth of the soil is, the higher the silt is and the smaller the clay proportion is because C horizon will be closer to the surface. This finding reinforces the character of spatial dependency between these properties. 
Conclusion
Thematic maps were related to each other: clay texture was related to higher hydraulic conductivity, higher porosity and lower soil density. The areas mapped with higher silt content were located in degraded areas of the sub-basin.
In the steepest areas, higher silt contents were mapped, corresponding to the surface of C horizon and indicating the thin thickness of B horizon.
The range of the values of macroporosity, microporosity and silt in the deeper layers were the lowest, thus confirming previous information about the low structural continuity of the soil surface and the depth of horizon B in potentially erodible areas.
